as a MASS phenotype. 10 Marfan syndrome is distinguished by cardiovascular defects including mitral valve prolapse, aortic aneurysms that tend to rupture, skeletal abnormalities such as arachnodactyly and long limbs (dolichostenomelia), pectus deformity, dural ectasia, and ectopia lentis. There are scant data on the prevalence of HDCT except for EDS and Marfan syndrome, which are estimated to occur in one per 5000 to 10,000 individuals. 6 The most common types of HDCT are inherited dominantly. [2] [3] [4] 10, 23, 37, 39, 43, 47 Chiari malformations include a heterogeneous group of hindbrain disorders that are characterized by herniation of the cerebellar tonsils through the foramen magnum. There is accumulating evidence that CM-I, the most common type, is a disorder of the paraxial mesoderm caused by underdevelopment of the posterior cranial fossa, overcrowding of the normally developed hindbrain, and downward herniation of the cerebellar tonsils. 1, 25, 26, 28, 31, 32, 42, 49 The prevalence of CM-I is estimated to be in the range of one per 1000 to one per 5000 individuals. 46 Familial transmission can occur by autosomal recessive inheritance or autosomal dominant inheritance with incomplete penetrance, but most cases occur sporadically. 28, 46 The impetus for this study was our experience with patients referred for the evaluation of failed CM surgery before 2002. Included in this cohort was a subset of patients with HDCT in which varying degrees of craniocervical instability seemed to be related to underlying joint hypermobility. To better understand the relationship of HDCT and CM-I, we analyzed a prospectively enrolled cohort of patients with CM-I to characterize the clinical features, radiographic/imaging findings, and genetic aspects of the combined disorder.
Clinical Material and Methods

Study Population
The population was composed of 2813 patients with MR imaging-confirmed CM-I who were evaluated consecutively between January 2002 and April 2007. A total of 1262 patients (45%) had been referred for evaluation after failed CM surgery. There were 2127 females and 686 males who ranged in age from 2 to 88 years (mean age 30.9 Ϯ 4.0 years [ Ϯ SD]).
Assessment Tools
A database (Microsoft Office Access 2007) that included a detailed medical history, family history, and checklist of symptoms and signs was established for each patient. A questionnaire was developed to elicit information on the family history and features of HDCT and CM-I. All patients underwent a physical examination, complete neurological examination, cervical MR imaging, and measurement of articular mobility. Additional information was provided in some patients by whole-neuraxis MR imaging, CT of the head with 2D and 3D reconstructions, cine-MR imaging, standup MR imaging, flexion and extension radiography of the cervical spine, CT scanning of the spine, barium swallow, 24-hour sleep monitoring, continuous cardiac monitoring, electrocardiography, echocardiography, tilt-table testing, audiography, vestibular function tests, and neuropsychological assessments. The clinical disability of each patient was measured using the KPS, with scores ranging from 0 to 100. 30 Joint hypermobility was assessed using the Beighton score. 2 The scores were assigned as follows: 1) passive dorsiflexion of the little fingers of each hand beyond 90°(one point for each hand); 2) passive opposition of the thumbs to the flexor aspect of the forearm (one point for each hand); 3) hyperextension of the elbows beyond 10°(one point for each elbow); 4) hyperextension of the knees beyond 10°( one point for each knee); and 5) forward flexion of the trunk with the knees fully extended so that the palms of the hands rest flat on the floor (one point). A Beighton score of 5 or more was defined as a positive test for joint hypermobility in postpubertal persons. Tissue fragility was defined as the presence of one or more of the following findings: 1) easy bruising; 2) history of poor wound healing; and 3) dystrophic scars exhibiting a thin and atrophic (papyraceous) appearance. Features of marfanoid habitus such as tall stature and long limbs, arachnodactyly, asthenic appearance with low body fat, long thin face with malar hypoplasia, down-slanting palpebral fissures, pectus deformity, and scoliosis were noted on clinical examination. The diagnosis of EDS and other HDCT was established on the basis of the Beighton score, clinical examination, family history, and supplementary tests including echocardiography, MR imaging or CT angiography of the chest, abdomen and pelvis, bone densitometry, and skin biopsy for analysis of collagens.
In cases in which the disorder could not be classified precisely, the classification was considered to represent an "overlap phenotype" if six or more of the following criteria were met: 1) Beighton score of 3 or more; 2) tissue fragility with poor wound healing; 3) spontaneous large-joint dislocations; 4) mitral valve prolapse; 5) mitral, tricuspid, or pulmonic valve regurgitation; 6) POTS; 7) orthostatic hypotension; and 8) marfanoid appearance without meeting Ghent criteria.
The clinical and radiographic/imaging criteria for establishing the diagnosis of CM-I have been previously described. 28 For the purposes of this study, we adopted the narrow but widely accepted definition of CM-I as tonsillar herniation of 5 mm or greater below the foramen magnum. 8 We defined minimal tonsillar herniation as tonsillar descent of 5 to 7 mm below the foramen magnum. Tonsillar descent of 0 to 4 mm was defined as low-lying cerebellar tonsils.
Patients in whom there was clinical suspicion of craniocervical instability underwent a trial of invasive cervical traction. Cranial tongs were applied in the operating room after propofol sedation and injection of a local anesthetic. After the patient had awakened fully, invasive cervical traction was performed with the patient sitting in an 80°Fowler position. Using graduated weights, the head was extracted on the neck under fluoroscopic guidance, and a checklist of symptoms and neurological findings obtained immediately before testing was assessed as the extraction proceeded. Once an optimum level of relief had been achieved, permanent fluoroscopic images were obtained to compare morphometric measurements of osseous structures at the CCJ in the supine, upright (sitting), and extracted positions. The invasive cervical traction test was defined as positive if optimal extraction produced an 80% or greater relief of baseline symptoms and signs.
Morphometric Analysis of the CCJ
Using reconstructed 2D sagittal CT scans and plain x-ray films, the osseous components of the CCJ were measured in 114 patients with HDCT/CM-I, 55 age-and sex-matched patients with CM-I and no evidence of HDCT, and 55 ageand sex-matched healthy control individuals. The selection process was limited to patients with HDCT/CM-I and CM-I who had undergone invasive cervical traction for assessment of craniocervical stability immediately before a planned surgical procedure. Morphometric measurements in the two cohorts were compared in the supine, upright (sitting), and extracted positions.
Occipitoatlantal motion was measured using the method described by Wiesel and Rothman 50 with some modification; occipitoaxial motion was measured using the method described by Harris and colleagues 14, 15 with some modification; and atlantoaxial motion was measured using the method described by Ranawat et al. 41 with some modification. We established a means for assessing occipitoatlantoaxial motion by combining these methods with new measurements developed by us ( Figs. 1 and 2 ). We measured the interval between the basion and top of dens (basiondens interval), the interval between the basion and plane of the posterior surface of the atlantal anterior arch (basionatlas interval ), the interval between the posterior surface of the atlantal anterior arch and the dens (atlas-dens interval), and the interval between the top of the dens and a line drawn between the lowest point of the atlantal anterior arch and the lowest point of the atlantal posterior arch (densatlas interval). 
Statistical Analysis
Statistical analyses of clinical data were performed with SPSS for Windows (version 15.0; SPSS, Inc.). Mean values are presented Ϯ SDs. In the HDCT/CM-I and CM-I cohorts, the mean differences in age, age at onset of symptoms, and KPS score at the time of clinical presentation were assessed using independent-sample Student t-tests. Categorical data were analyzed using two-by-two contingency tables, from which chi-square values were calculated, and the corresponding probability values were established. Analyses of morphometric data were performed with SPSS for Macintosh (version 13.0). The incidence of associated abnormalities was analyzed using the chi-square test. Demographic differences between patients and healthy control individuals were tested with the nonparametric Mann-Whitney U-test. Comparisons of data with patients in the supine, sitting, and traction positions were tested with analysis of variance. The distribution of the data was analyzed using the F-test. Significance was indicated by a twotailed probability value of less than 0.01.
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Results
Characteristics of Patients
The diagnostic criteria for HDCT were met in 357 (12.7%) of 2813 patients with CM-I. As shown in Table 1 , patients with HDCT tended to be younger, exhibited a greater female preponderance, and had earlier-onset symptoms than those with CM-I. One hundred twenty-five patients (35%) with HDCT/CM-I had a history of failed Chiari surgery. Using the current nosology for EDS and related disorders, 2, 10, 23, 37, 47 HDCT types were classified as follows: 1) EDS, hypermobility type (149 patients); 2) EDS, classical type (96 patients); 3) EDS, arthrochalasia type (five patients); 4) Marfan syndrome (17 patients); 5) MASS phenotype (19 patients); and 6) overlap disorder (71 patients). Other genetic conditions encountered in the HDCT/CM-I cohort included VACTERL (vertebral, anal, cardiac, tracheoesophageal fistula, renal, limb) syndrome (six patients), achondroplasia (four patients), osteogenesis imperfecta (two patients), osteopetrosis (one patient), and Noonan syndrome (one patient).
Analysis of Family History
Reliable family history information was available in 139 probands with HDCT/CM-I (Table 2) . Patients with Marfan syndrome were not included in this analysis. The family history was considered positive only if the diagnosis had been made by a physician. It is likely that the number of relatives with HDCT is underrepresented because the diagnosis can be elusive without a clinical genetics evaluation. Forty-four probands (32%) had at least one first-degree relative with CM-I, and 30 probands (22%) had at least one first-degree relative with HDCT. In one case, the only affected relative was an identical twin. Twenty-two probands (16%) had CM-I and HDCT descending through the same lineage, compatible with an autosomal dominant pattern of inheritance. All but two families seemed to have descended through the maternal lineage. Only one proband had both disorders descending through separate lineages.
Clinical Presentation of Patients
Variations in the clinical presentation of patients with HDCT/CM-I are given in Table 3 . Compared with patients with CM-I, those with the combined disorder experienced a greater incidence of lower brainstem symptoms including nausea, dysphagia, throat tightness, shortness of breath, sleep apnea, palpitations, facial pain, double vision, and syncope (p Ͻ 0.001). Diagnostic distinctions included an increased incidence of Lhermitte sign, Raynaud phenomenon, downward nystagmus, dizziness with head turning, supraventricular tachycardia, POTS, orthostatic hypotension, mitral valve prolapse, and mitral valve regurgitation (p Ͻ 0.001). The mean KPS score in the HDCT/CM-I cohort (67.5 Ϯ 3.9) was lower than that in the CM-I cohort (76.8 Ϯ 3.4, p Ͻ 0.001). Imaging distinctions included an increased incidence of retroodontoid pannus formation of 3 mm or greater with basilar impression, cervical disc disease, cervical spine subluxation, scoliosis, hypertrophy of the styloid processes, temporomandibular joint disease, and oropharynx hypoplasia (p Ͻ 0.001).
Morphometric Analyses and Operative Positions
Morphometric measurements of the CCJ with the patient in the supine position demonstrated no significant differences in the basion-dens interval, basion-atlas interval, atlas-dens interval, dens-atlas interval, clivus-atlas angle, clivus-axis angle, and atlas-axis angle in patients with HDCT/CM-I, patients with CM-I, and healthy control individuals (Table 4 ). There were no significant changes from baseline measurements in patients with CM-I on assump- (Fig. 5) ; anterior flexion of the atlas over the axis, as demonstrated by a reduction of the atlas-axis angle (mean 5.3°, p Ͻ 0.001); and change in the atlas-dens interval in flexion and extension (mean 1.8 mm, p Ͻ 0.001). Vertical (sitting) MR imaging helped to show the dynamic features of occipitoatlantoaxial hypermobility and functional cranial settling (Fig. 6 ). These abnormalities were reducible by traction (Figs. 3-5) or a return to the supine position.
Discussion
The identification of HDCT in 357 patients with CM-I establishes an association of two mesodermal disorders that have a predicted coincidence of one per five to 10,000,000 individuals. Previous evidence of this association has been limited to anecdotal reports of CM-I occurring in patients with Marfan syndrome 5, 35, 38, 39 and the newly described Loeys-Dietz syndrome. 23 The rate of concurrence of HDCT and CM-I in this study (12.7%) was clearly biased by the disproportionate number of patients referred for evaluation of failed CM surgery, HDCT, and craniocervical instability. Well-designed epidemiological studies are needed to establish the true prevalence of the combined disorder.
Family history data provided strong support for a causal relationship of HDCT and CM-I. In the HDCT/CM-I cohort, the aggregation of CM-I in 32% of families was greater than that reported in families with CM-I alone, 28, 46 and there was a positive family history of HDCT in 22% of probands. A positive family history of HDCT/CM-I through the same lineage was present in 16% of probands. Given that HDCT and CM-I are often underdiagnosed, the actual numbers of affected relatives with either or both disorders may be underestimated. The pattern of transmission of HDCT/CM-I was generally compatible with autosomal dominant inheritance with variable expressivity. receptor mutations include a loss of elastin and disarrayed elastic fibers similar to the findings in patients with fibrillin mutations that have been implicated in Marfan syndrome and the MASS phenotype. 23 Evidence that a conditional knockout of TGF␤ 2 receptor in neural crest cells causes defects of the calvaria in a mouse model 17 lends plausibility to the hypothesis that abnormalities of the extracellular matrix can lead to abnormalities of osseous development of the skull.
From a clinical standpoint, patients with HDCT/CM-I tended to present with typical diagnostic features of CM-I.
Obvious stigmata of an underlying connective tissue disorder were not always evident, and a detailed workup that included an assessment of dysmorphic features by a geneticist, assessment of articular mobility by a rheumatologist, and a variety of supplementary tests was sometimes needed to establish the correct diagnosis. A distinctive feature of the clinical presentation was the greater incidence of lower brainstem symptoms such as nausea, dysphagia, sleep apnea, POTS, and orthostatic hypotension. The predominance of these symptoms was reflected by the lower KPS scores in the HDCT/CM-I cohort (mean score 67.5 Ϯ 3.9) compared with those in the CM-I cohort (mean score 76.8 Ϯ 3.4) and by the need for some patients to lead a sedentary or even bed-confined life to minimize symptoms.
The most distinctive imaging finding in this study was the presence of a retroodontoid pannus of at least 3.0 mm with varying degrees of basilar impression in 71% of patients with HDCT/CM-I, compared with 11% of patients with CM-I. Retroodontoid pannus formation is a common finding in patients with rheumatoid arthritis 7, 13, 33, 44, 54 29, 34 and Forestier disease. 12, 36 Although the mechanisms underlying pannus formation have yet to be elucidated, pathological factors that appear to be common to all inflammatory, traumatic, and metabolic conditions associated with this lesion include the following: 1) damage of ligaments that support and limit motion of the atlantoaxial joint; 2) hypermobility of the atlantoaxial joint with increased motion of the odontoid; and 3) disruption of the transverse, alar, and apical ligaments with atlantoaxial subluxation. 14, 15, 40 Reports of pannus resolution or reduction in size after atlantoaxial 18 or occipitocervical fusion 51, 54 provide indirect evidence that the instability of the atlantoaxial joint is a proximate cause of retroodontoid pannus formation.
In this study, morphometric measurements of osseous structures forming the CCJ were made on reconstructed 2D CT scans and plain x-ray films. Magnetic resonance imaging measurements were excluded because of the inability to define bone edges precisely. Standard measurements included the basion-dens interval, for evaluating the vertical relationship of the clivus and odontoid; 14, 15, 50 the atlas-dens interval, for evaluating the horizontal relationship of the odontoid and anterior arch of the atlas; 22, 40 and the clivusaxis angle, for evaluating the angle between the clivus and odontoid. 45 New measurements that we developed for investigating motion of the occipitoatlantoaxial complex included the basion-atlas interval, for evaluating the horizontal relationship of the clivus and anterior arch of the atlas; the dens-atlas interval, for evaluating the vertical relationship of the odontoid and atlas; the atlas-axis angle, for evaluating the angle between the atlas and axis; and the clivus-atlas angle, for evaluating the angle between the clivus and atlas.
As shown in Table 4 , there were no significant differ- The term "functional cranial settling" has been introduced to describe a reduction of the distance between the basion and odontoid (basion-dens interval) that occurs only in the upright position and is not caused by bone and cartilage destruction. Functional cranial settling is probably caused by one or both of the following mechanisms: 1) laxity of ligaments supporting the occipitoatlantal joint, resulting in posterior gliding of the occipital condyles and reduction of the clivus-axis angle; or 2) generalized laxity of connective tissue structures at the CCJ including the cruciate ligament, the tectorial membrane, and supporting ligaments of the atlantoaxial joint, sufficient to permit upward migration of the odontoid process. The observation that functional cranial settling and reduction of the basion-dens interval can be reduced by cervical traction or returning the patient to the supine position seems to rule out significant bone and cartilage damage of the occipitoatlantoaxial complex in this group of patients.
Recent experience with vertical MR imaging has proved helpful in understanding the dynamic features of occipitoatlantoaxial hypermobility. As shown in Fig. 6 , functional cranial settling was associated with notable displacements that included reduction of the basion-dens interval, posterior gliding of the occipital condyles, anterior flexion of the occipitoatlantal joint, increased basilar impression, and cerebellar ptosis with downward displacement of the cerebellar tonsils. These displacements are consistent with the often-pronounced symptoms and signs of lower brainstem dysfunction experienced by patients with cranial settling on assumption of the upright position.
Conclusions
In this report, we described a previously unrecognized association of CM-I and HDCT. We found that patients with the combined disorder exhibit varying degrees of occipitoatlantoaxial hypermobility that results in functional cranial settling, caudal displacement of the cerebellar tonsils, retroodontoid pannus formation, and symptoms referable to basilar impression.
